Behavioural lateralization is widespread. Yet, a fundamental question remains, how can lateralization be evolutionary stable when individuals lateralized in one direction often significantly outnumber individuals lateralized in the opposite direction? A recently developed game theory model predicts that fitness consequences which occur during intraspecific interactions may be driving population-level lateralization as an evolutionary stable strategy. This model predicts that: (i) minority-type individuals exist because they are more likely to adopt unpredictable fighting behaviours during competitive interactions (e.g. fighting); and (ii) majority-type individuals exist because there is a fitness advantage in having their biases synchronized with other conspecifics during interactions that require coordination (e.g. mating). We tested these predictions by investigating biases in giant Australian cuttlefish during fighting and mating interactions. During fighting, most male cuttlefish favoured the left eye and these males showed higher contest escalation; but minority-type individuals with a right-eye bias achieved higher fighting success. During mating interactions, most male cuttlefish favoured the left eye to inspect females. Furthermore, most male cuttlefish approached the female's right side during a mating attempt and these males achieved higher mating success. Our data support the hypothesis that population-level biases are an evolutionary consequence of the fitness advantages involved in intraspecific interactions.
Introduction
Behavioural lateralization has been observed in diverse taxa ranging from whales to bees [1, 2] . When present, the direction of a bias often exists at the population level, with individuals lateralized in one direction outnumbering individuals lateralized in the opposite direction by 60 -90% [3, 4] . Research on diverse taxa has demonstrated that lateralization contributes significantly to biological fitness because biased individuals often outperform non-biased animals in various ecological contexts [5 -8] . Furthermore, lateralization has been linked to several neural advantages such as increasing processing efficiency (i.e. preventing functional incompatibility) [9] ; and facilitating 'multi-tasking' by allowing animals to process information in parallel [8, 10] . However, lateralization does not need to be expressed at the population level to attain such benefits and until recently the reason for unequal balances between left-and right-biased individuals in a population was unclear.
The application of game theoretical analyses has since increased our understanding of these apparent anomalies. Ghirlanda & Vallortigara [11] developed a game theoretical model demonstrating that, in a prey -predator context, population-level lateralization may have evolved owing to social pressures that produce fitness advantages for individuals that have their biases aligned with other individuals in a group (i.e. prey-predator model) [11] . More recently, another game theoretical model was developed showing that population-level lateralization can arise as an evolutionary stable strategy, based exclusively on fitness consequences that occur during intraspecific competition and coordination (i.e. competition -coordination model) [12] . The competition -coordination model predicts that majority-type individuals exist because there is a fitness advantage in having their biases synchronized with those of other conspecifics during interactions that require coordination, such as mating. This prediction is consistent with studies on insects and birds, demonstrating that individuals which share biases with the majority of the population are more likely to mate successfully [13 -16] . The model also predicts that minority-type individuals exist because they are more likely to adopt unpredictable fighting behaviours that opponents are unaccustomed to during competitive interactions. This prediction is based on a study on humans suggesting that left-handers, a minority in human populations, may hold an advantage in sporting activities and combat because they are more likely to surprise opponents with unpredictable and unfamiliar motions and tactics [17] . By contrast, however, other studies on insects report that majority-type individuals are more likely to escalate and more likely to achieve fighting success [18 -20] .
Here, we investigate predictions of the competitioncoordination model using intraspecific interactions between giant Australian cuttlefish, Sepia apama (henceforth cuttlefish). Male cuttlefish frequently fight over females during their reproductive season (May-August). Contests are often swiftly settled (mean duration of 1 min 46.0 s) [21] through non-contact visual displays including the frontal, shovel and lateral display [22] but can escalate to physical combat such as lateral pushing and biting. Males exhibit large variation in body size at maturity, but relative male size appears to have little effect on female mate choice [23] as both large and small males mate successfully [24] . Males seldom exhibit courtship behaviour, but they do guard mates temporarily both pre-and post-copulation [25] (figure 1a). A male typically initiates mating by approaching a female from the side, spreading his arms and grasping her head. If the female accepts the mating, she will open her buccal cavity and wrap her arms around the male's arms, facilitating the transfer of spermatophores from the male's hectocotylized left fourth arm to the sperm receptacle and buccal lining below the female's beak [25, 26] . Females may also reject the mating attempt through direct resisting such as squirming, inking or jetting and also through the display of a non-receptive signal: a white lateral stripe along the base of the fin towards the male [25, 27] .
To determine whether cuttlefish exhibit lateralization during competitive interactions and whether such biases are associated with fitness advantages, we analysed male-male contests in the wild and staged in the laboratory. To determine whether cuttlefish exhibit lateralization during behaviours that require coordination, and whether these lead to potential fitness advantages, we analysed wild male-female pairs and staged male-female interactions in the laboratory. For analysis, we selected contests between similar-sized male opponents (i.e. males that were within 10% of mantle length of each other as measured on the video monitor). We only selected contests that involved the males' performing the lateral display (i.e. occurred in approx. 80% of the field contests) because the lateral display facilitates monocular fixation of the opponent while scrutinizing a rival, whereas the frontal and shovel display require binocular fixation (figure 1b). Forty-two contests involving 84 males (mantle length 300-390 mm) met these criteria. These contests varied in length from 60 s to 6 min. To avoid pseudoreplication, quantitative data were only collected from one focal male. Focal males were randomly selected at the beginning of the scoring session (electronic supplementary material).
Methods
We also selected 43 mating interactions that involved a male mate guarding a female. Mate guarding behaviour was defined as the male remaining within one body length of the female for a minimum of at least 120 s. A further 143 male-female interactions that involved a male mating attempt were also selected. A subset of this group involved the female displaying a nonreceptive signal, a white lateral stripe along the base of the fin on the side directed towards the male (i.e. n ¼ 76).
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to the aquarium facility at Cronulla Fisheries Research Centre. Males had a mean mantle length of 415 mm and females had a mean mantle length of 339 mm. Subjects were housed individually in open-air tanks (electronic supplementary material). Two staged contests were carried out using all 24 males. Contests were staged four weeks apart to minimize winnerloser effects as different fighting experiences can sometimes affect the outcome of a contest [28] . Each male was paired with two different opponents. All opponents were within 10 -20% mantle length of each other. The contest arena was identical to the home tanks except that it was divided into two equal compartments. A fixed clear partition physically isolated subjects, but allowed water flow between the compartments for chemical exchange. An opaque partition adjacent to the clear partition visually isolated subjects during the first phase of the trials. A video camera was placed directly over the arena to record behavioural responses (electronic supplementary material).
Paired male opponents were placed into the individual compartments and allowed to habituate for 10 min. The opaque partition was then removed and the opponents were allowed to engage in a contest for 20 min. To avoid pseudo-replication, in the first set of staged contests, data were only collected from one focal male that was randomly selected at the start of the scoring session. Data were then collected from the other males in the second set of staged contests (i.e. the males that were not selected in the first set of contests).
Staged male -female interactions were carried out using 22 males that were used in the staged contests. Each male was assigned a random sequence of four similarly sized females (i.e. females were within 7% mantle length of each other). The arena was identical to the contest arena and we mirrored the procedure in the staged male -male contests except that after 10 min, following the removal of the opaque partition, male subjects were transferred from their compartment to the female compartment. Males were tested over 8 days with each subject receiving one trial on a single day with an inter-test interval of 48 h.
(b) Analysis of behaviours (i) Eye preferences
During fighting interactions, rivals often transition between ipsilateral (head-to-head) and contralateral (head-to-tail) positions during the lateral display at an average rate of 5 s [22] . For all contests, we recorded which eye was predominately used to view the rival male every 5 s from when the focal male first started performing the lateral display. Similarly, during mate guarding interactions, males will change their lateral position relative to the female that they are guarding. We recorded which eye males predominately used to view the female every 5 s from when he started guarding the female. To ensure each data point was an independent measure of eye preference, we excluded data points from the same individual that did not involve a transition or change of position in a single interaction. For the laboratory mating interactions, this procedure was repeated for all four experimental trials (i.e. each male received four different experimental trials with four different females) and an average was determined across interactions for each subject. To determine the direction of eye preference, we converted the eye use data for each individual to a laterality index [29] . Significant eye preferences for each individual were determined using binomial tests on raw data.
(ii) Intraspecific competition
For fighting interactions, we recorded the presence or absence of an escalation and the outcome of a contest (i.e. winner or loser). Contest escalation was defined as the point when subjects transitioned from visual signalling to physical aggression, which generally took the form of lateral pushing. This included pushing on the clear partition in the laboratory contests. Contests had
(iii) Intraspecific coordination
For mating interactions, we recorded: (i) the side of the female approached by the male during a mating attempt, (ii) whether the female displayed a non-receptive white lateral stripe, and (iii) whether the mating attempt was successful. Data were only collected from the field recordings because coercion and overt female resistance (i.e. inking, squirming or jetting) were rarely observed in the laboratory trials.
(c) Data analysis
To determine whether the male approach side (i.e. whether he approached the female's left or right side) affected mating success, we used Fisher's exact test and calculated an odds ratio.
Results (a) Eye preferences
During fighting behaviour, a significantly greater number of male cuttlefish showed a left-eye preference in both field and laboratory contests (x 2 : field: x 
(b) Intraspecific competition
The proportion of fighting escalations was significantly higher in individuals with a left-eye preference in both field and laboratory contests (Fisher's exact: field: p , 0.01; laboratory: p , 0.05; figure 3a) . Based on the odds ratios, the odds of an escalation were 14 times higher in the field and 12 times higher in the laboratory for males with a left-eye preference. Fighting success differed significantly according to eye preference, but in the opposite direction, (Fisher's exact: field: p , 0.05; laboratory: p , 0.05; figure 3b ). Based on the odds ratio, the odds of fighting success in the field were 19 times higher in males with a right-eye preference.
(c) Intraspecific coordination
Females were more likely to display the non-receptive white lateral stripe when males approached their left side (Fisher's exact test: p , 0.001; figure 4a). Based on the odds ratio, the odds of a female displaying the white lateral stripe were 5.21 times more likely when males approached her left side than figure 4c ). Based on the odds ratio, the odds of mating success were 13.38 times more likely in males that approached the right side of the female compared to males that approached the left side of the female.
Discussion
Cuttlefish exhibit lateralization at the population level during fighting and mating and individuals with biases in one or the other direction had frequency-dependent advantages. During fighting interactions, the majority of male cuttlefish favoured the left eye to scrutinize male rivals. Majority-type cuttlefish showed higher contest escalation, whereas minority-type individuals (i.e. right-eye bias) achieved higher fighting success. During mating interactions, the majority of male cuttlefish favoured the left eye to guard female mates. Female cuttlefish were less likely to display the non-receptive white lateral stripe when a male approached her right side than when a male approached her left side. The majority of male cuttlefish approached the female's right side during a mating attempt and these majority-type males achieved higher mating success. Our results demonstrate that individuals which share lateralization patterns with the majority of the population are less likely to succeed in intraspecific competition but more likely to succeed during behaviours that require coordination, such as mating.
In cuttlefish, lateralization and its behavioural correlates appear to be confined to each side of the brain during visual activities such as searching for food, scanning for predators and camouflage [30] [31] [32] . This suggests that there is a tendency for one side of the brain to specialize in modulating specific behaviours. Many vertebrates dedicate their right visual field and associated brain structures to focused attention and routine behaviours such as predation and prey attack [4, 33, 34] , whereas the left visual field and associated brain structures are dedicated to modulating defensive (i.e. anti-predation), dismissive (i.e. sexual rejection) and aggressive (i.e. intraspecific competition) behaviours [35] [36] [37] [38] . Many vertebrate taxa also favour the left visual field to guide social recognition behaviours such as approaching familiar conspecifics [39] [40] [41] . Similar patterns have been found in common European cuttlefish, Sepia officinalis, as they predominately use their right visual field during predatory behaviours [31] and during routine behaviours such as camouflage [32] . Other research on S. officinalis has shown that the left visual field is specialized for defensive behaviours such as seeking shelter [30] and scanning for potential predators [31] . Our data on cuttlefish suggest that their left visual field is also specialized for aggression during male-male fighting and during female sexual rejection. Moreover, male cuttlefish show a left-eye bias when guarding familiar female mates, suggesting that the left visual field and associated brain structures are also specialized for social and royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182507 binary discrimination. In contrast with vertebrates, the cuttlefish brain processes visual information ispilaterally (i.e. information from the left eye is predominately processed in the left side of the brain and vice versa). However, similar to vertebrates, one side of the cuttlefish brain predominately attends to routine behaviours, while the other side predominately attends to rapid decision-making and social behaviours [30] [31] [32] . This suggests that there are strong selection pressures driving division of neural functions and cognitive processing across these diverse animal groups. Current evidence suggests that lateralization patterns in vertebrates reflect basic homology (common ancestry) [3] . Whether lateralization patterns in invertebrates and vertebrates evolved through homologous genes or whether they evolved through convergence requires further investigation [42] . Nevertheless, intraspecific pressures (i.e. competition and coordination) associated with populationlevel asymmetries would still apply regardless of whether lateralization in these diverse taxa represents homology or homoplasy (convergent evolution).
Comparisons between left-and right-biased male cuttlefish engaged in fighting interactions showed that majority-type males with a left-eye bias were more likely to escalate to physical aggression. By contrast, as predicted, minority-type males with a right-eye bias were more likely to win a contest. The competitive -coordination model predicts that minority-type individuals may hold an advantage in competitive interactions [12] . This prediction is based on the idea that majority-type individuals-in our case male cuttlefish with a left-eye preference-are more numerous and consequently more accustomed to encountering rivals with left biases. Therefore, when an individual with a left-eye preference encounters a minority-type individual with a right-eye preference, the left-biased cuttlefish is in a relatively unfamiliar situation, giving the minority-type male an advantage to use unpredictable fighting tactics.
The competitive-coordination model also predicts that majority-type individuals may hold an advantage in interactions that require coordination [12] . This prediction is based on the idea that when there is a fitness advantage for organisms to coordinate their behaviour with one another, it is beneficial for lateralized individuals to align the direction of their biases with the biases of other lateralized individuals. In our study, male cuttlefish engaged in mating interactions were more likely to approach a female on her right side and these majority-type males were more likely to achieve mating success. This bias in male cuttlefish may be mediated by the behaviour of the female, as females were less likely to display a non-receptive white lateral stripe when males' approached from the right. The bias may also be influenced by an anatomical asymmetry as male cuttlefish transfer spermatophores through a single hectocotylized left fourth arm [26] . Consequently, approaching a female's right side may increase coordination during the insertion of the male's specialized arm into the female's buccal cavity.
In conclusion, our results indicate that being lateralized in one direction or the other leads to specific fitness advantages during cuttlefish competition and coordination. Critically, this is, to our knowledge, the first study to provide empirical evidence that supports both predictions of the competitioncoordination model, demonstrating that minority-type individuals have a fitness advantage during intraspecific competition but majority-type individuals have a fitness advantage during intraspecific coordination. Our data support the idea that fitness consequences which occur during different intraspecific interactions may be driving population-level lateralization as an evolutionary stable strategy. Nonetheless, these lateralization patterns and their associated fitness advantages are dynamic and frequency-dependent. When the frequency of majorityand minority-type individuals varies, the fitness contributions will also vary. In an evolutionary sense, this will occur relatively quickly for competitive interactions, because minority-type individuals are likely to lose their unpredictable advantage during competitive interactions as they become more common in the population. 
